Toxigenic Vibrio cholerae cause cholera, a severe diarrheal disease responsible for significant morbidity and mortality worldwide. Two determinants, cholera enterotoxin (CT) and toxin coregulated pilus (TCP) are critical factors responsible for this organism's virulence. The genes for these virulence determinants belong to a network of genes (the ToxR regulon) whose expression is modulated by transcriptional regulators encoded by the toxRS, tcpPH, and toxT genes. To define the ToxR regulon more fully, mutants defective in these regulatory genes were transcriptionally profiled by using V. cholerae genomic microarrays. This study identified 13 genes that were transcriptionally repressed by the toxT mutation (all involved in CT and TCP biogenesis), and 27 and 60 genes that were transcriptionally repressed by the tcpPH and toxRS mutations, respectively. During the course of this analysis, we validated the use of a genomic DNA-based reference sample as a means to standardize and normalize data obtained in different microarray experiments. This method allowed the accurate transcriptional profiling of V. cholerae cells present in stools from cholera patients and the comparison of these profiles to those of wild-type and mutant strains of V. cholerae grown under optimal conditions for CT and TCP expression. Our results suggest that vibrios present in cholera stools carry transcripts for these two virulence determinants, albeit at relatively low levels compared with optimal in vitro conditions. The transcriptional profile of vibrios present in cholera stools also suggests that the bacteria experienced conditions of anaerobiosis, iron limitation, and nutrient deprivation within the human gastrointestinal tract.
T
he causative agent of cholera, Vibrio cholerae, has provided an excellent model system for identifying bacterial virulence factors and for understanding the regulatory networks governing their expression (1, 2) . Biochemical and genetic analysis, coupled with studies in experimental animals and human volunteers, has revealed many details of cholera pathogenesis. In brief, orally ingested bacteria survive passage through the stomach and then use motility and chemotaxis functions to adhere to and penetrate the mucus coat of the upper intestinal epithelium. Vibrios must then coordinately express two critical sets of genes encoded by the tcp and ctx operons, which encode the toxin coregulated pilus (TCP) and cholera enterotoxin (CT), respectively (2) . TCP pili are essential for colonization in mice (3, 4) and humans (5, 6) , whereas CT is the main factor responsible for generating the severe diarrhea that is the hallmark of the disease. Expression of both the tcp and ctx operons is regulated by two membrane proteins, ToxR and ToxS (7) . ToxR can directly affect gene expression by binding to promoters, including those for the ctx operon, the genes encoding two outer membrane proteins OmpU and OmpT, and the gene encoding ToxT, a transcriptional regulator belonging to the AraC family of proteins (8) . ToxT is the most downstream regulator of the ToxR regulon in that it can activate ctx and tcp promoters independently once ToxT expression has occurred (9, 10) . However, two other membrane proteins, TcpP and TcpH, are also required to work synergistically with ToxR and ToxS to activate toxT transcription (11) . Finally, several other factors, including CRP (12) , AphAB (13) , Nqr (14) , HapR (15) , and PepA (16) , fine-tune this regulatory hierarchy by controlling expression of tcpPH in response to various environmental signals in the laboratory. These signals include physical parameters such as temperature and pH as well as physiological signals such as cell density, growth phase, and motility. Thus, in vitro analysis of the ToxR regulon has demonstrated the existence of an extremely complex regulatory network controlling the expression of the TCP and CT virulence genes. However, it remains largely unknown how these regulatory responses are coordinated in vivo during infection. In a series of elegant experiments, Camilli and colleagues provided evidence that CT expression during experimental infection of mice is largely dependent on early temporal expression of TCP (17) . This result suggests that only a minority of cells (i.e., those that successfully colonize the intestinal mucosa) experience the in vivo regulatory signals that lead to maximal CT expression. Although various studies have identified additional factors that may contribute significantly to disease or that affect the organism's behavior during different stages of infection, it is clear that our understanding of V. cholerae gene expression patterns during infection is still poor.
The determination of the DNA sequence of the two chromosomes of V. cholerae strain N16961 (18) has provided an exceptional opportunity to define gene content in various strains (19) and gene expression across the entire bacterial genome under given experimental conditions by using the powerful technique of microarray analysis (20, 21) . For example, V. cholerae microarrays displaying all of the annotated genes of this organism have been successfully used to compare the transcriptional profiles of specific mutant versus wild-type cells (20) , exponential-phase bacteria recovered from animal infections versus those grown to exponential phase in vitro (21) , and vibrios present in human cholera stool versus those grown to stationary phase in vitro (22) . Such transcriptome analyses are useful but are frequently limited in value because of technical reasons related to variability in experimental conditions, RNA preparation, internal reference standards, and microarray manufacturing processes. Of these, selection of the appropriate internal reference is of critical importance. For example, profiling the expression pattern of bacteria during infection to identify ''in vivo induced genes'' is problematic. Care must be taken to select a reference in vitro condition that at least provides cells in the same physiological state as the in vivo grown cells being analyzed, because there are dramatic differences in gene expression between exponential and stationary phase in any growth medium. Selection of the appropriate reference is also critical for comparing results between different experiments, researchers, and laboratories. Microarrays manufactured by spotting oligonucleotides or PCR products onto glass slides (i.e., spotted arrays) are particularly susceptible to variation from slide to slide and from spot to spot. Therefore, spotted array results from different experiments can only be reliably compared by using an internal reference that can address the quality of all of the individual features on the array. These considerations have led several investigators to conclude that the use of a universal reference standard, such as genomic DNA (gDNA), may be the single best way to standardize the analysis of spotted arrays (23, 24) .
In this study, we compared two approaches for transcriptional profiling of bacterial mutants and of bacteria contained in clinical materials. Specifically, we hoped to determine the degree of variation arising from the use of a gDNA-derived reference, compared with that arising from direct comparison of RNA preparations converted to cDNA samples. We chose the wellcharacterized ToxR regulon of V. cholerae as an experimental system to address these questions. Our studies of toxRS, tcpPH, and toxT mutants validated the use of a gDNA-derived reference and also provided a clear, genome-wide transcriptional profile of the ToxR regulon. Finally, the use of a gDNA-derived reference allowed us to profile expression of V. cholerae cells recovered from human cholera stool, providing a new view of the V. cholerae transcriptome during human infection.
Materials and Methods
Strains, Strain Construction, and Growth Conditions. V. cholerae strain N16961 (El Tor, O1, Str R ) was used in this study. In-frame deletions in the N16961 genes encoding toxRS and tcpPH were constructed by crossover PCR (25, 26) to yield strains M461 and M462, respectively. The N16961 toxT deletion mutant (strain M460) was constructed in a similar manner using pMD1 (27) . For routine growth, all strains were cultured at 37°C in Luria broth. For the induction of the ToxR regulon, strains were cultured under AKI conditions at 37°C (28) . Briefly, a saturated overnight culture grown in LB was inoculated into AKI medium to a starting density of Ϸ10 5 colony-forming units (cfu)/ml, followed by 4 h of static growth (low aeration; 10 ml in a 15-ml tube), and then transfer to shaking growth conditions (high aeration; 10 ml in a 125-ml flask shaken at 250 rpm in a G10 Gyrotory shaker (New Brunswick Scientific).
Nucleic Acid Isolation and Labeling. V. cholerae total RNA was isolated as previously described (20) , with the addition of a DNase treatment before purification with the RNeasy kit (Qiagen). The resulting RNA was reverse-transcribed to produce either Cy5-or Cy3-labeled hybridization probes as previously described (29) . gDNA was prepared from overnight cultures of V. cholerae using the Easy-DNA kit (Invitrogen) according to the manufacturer's directions. gDNA was used in a Klenow reaction to produce hybridization probes as described (19) .
V. cholerae Whole Genome Microarray. The construction of the whole-genome V. cholerae microarray has been described (19) and consists of 3,890 full-length PCR products representing the annotated ORFs from the initial release of the N16961 genomic sequence (18) . The procedures for hybridization of samples to the microarray, washing of arrays, and data collection were as described (19) .
Data Analysis. Gene expression levels for all microarray experiments were calculated by averaging the background-subtracted fluorescent intensities of the sample and control channels among technical replicates. Unless otherwise noted, the data for each experiment resulted from a minimum of two technical replicates for each condition or mutant that was analyzed. Microarray data normalization was performed as described (19, 21) . Microarray data analysis was facilitated by the use of the GeneSpring microarray analysis software program (Silicon Genetics, Redwood City, CA).
Genes showing a Ն2-fold difference in expression between the mutant strain and reference strain were classified as regulated genes.
Stool Collection, Processing, and Analysis. Stool samples were collected from two cholera patients at the International Centre for Diarrhoeal Disease Research in Dhaka, Bangladesh. Freshly collected stool samples, containing Ϸ10 8 cfu/ml V. cholerae O139, were divided into two aliquots. One aliquot, which was frozen and maintained at Ϫ80°C, was used for the purification of total RNA as described in Merrell et al. (22) . The second aliquot was used for V. cholerae enumeration, serotyping,and biotyping. The purified RNA from each patient stool sample (test sample) was used as a template to generate a pool of Cy5-labeled cDNA, which was then split and cohybridized to two microarray slides with a Cy3-labeled gDNA reference sample. The background-corrected fluorescence intensities for each feature were averaged and used to calculate a ratio for each feature (test sample/reference sample) that represents the expression level for each gene. The data set was rank-ordered from highest ratio to lowest ratio to generate a list of expression levels representing the transcriptome for that specific condition.
Results
Transcriptional Analysis of tcpPH, toxRS, and toxT Mutants. V. cholerae O1 El Tor and O139 strains require growth under specific in vitro conditions, known as ''AKI conditions,'' to induce the expression of virulence factors (28, 30) . As a marker for virulence gene expression, we used a CT ELISA to detect toxin production. CT production by El Tor O1 strain N16961 was consistently detected at 2 h after transfer of the static AKI culture to shaking growth conditions (data not shown). This time point was therefore selected for RNA purification for the transcriptional profiling of V. cholerae N16961 and various isogenic regulatory mutants. Growth curves for these strains indicated that the mutant strains grow at the same rate as the wild-type under AKI conditions (data not shown).
For our initial analysis, we used cDNAs derived from RNA purified from wild-type and mutant cells. In brief, the cDNAs from two strains being compared were differentially labeled with Cy3 and Cy5, mixed, hybridized to microarrays, scanned, and analyzed. For a given microarray feature, a statistically reliable change of 2-fold or more in the ratio of fluorescent signals was selected as our cut-off for reporting a gene as altered in expression in a regulatory mutant. It should be emphasized that expression ratios for various genes derived from microarray data are more of a qualitative than quantitative measure of relative gene expression. Empirically, we have found that a difference in ratio of 2-to 3-fold is a useful cut-off for identifying changes in gene content (19) or expression (21), but we suspect that smaller differences may also be biologically significant.
Virulence gene expression in V. cholerae is subject to the hierarchy of the ToxR regulon, where both ToxT-dependent and ToxT-independent branches require expression of the toxR gene (1, 31) . Because toxT expression is known to depend on tcpPH and toxR, we did not expect to identify ToxT-regulated genes that were not also dependent on toxR and/or tcpPH. Indeed, our microarray analysis of RNA extracted from wild-type and toxT mutant cells identified only 13 genes whose expression was at least 2-fold repressed in the toxT mutant ( Fig. 1 and Tables 5-8, which are published as supporting information on the PNAS web site, www. pnas.org). As expected, these 13 genes were a subset of those identified in the expression profiles of toxRS and tcpPH mutants (Fig. 1) . With the exception of two genes, VCA0732 (conserved hypothetical gene) and VCA1042 (an unknown gene immediately downstream of tagE-2), all of these genes were previously identified as members of the ToxR-regulon (2). The gene encoding the cholera toxin B subunit (ctxB) was not among the 13 because the ctxB expression ratio in two samples was slightly below our cutoff (i.e., 1.81 and 1.97).
Our analysis indicated that tcpPH are not regulated by ToxR or ToxT, consistent with published results (32) . Deletion of tcpPH resulted in decreased expression of 27 genes relative to the wildtype strain, and increased expression of 31 genes ( Fig. 1 and Table  1 ). As predicted, tcpPH were required for transcription of the genes in the TCP and CT operons (Fig. 1) . Most of the 58 genes whose expression was affected in the tcpPH mutant were also affected by ToxRS (53 genes; see Tables 5-8 ). The expression of five genes depended solely on tcpPH including the redox control response regulator arcA (VC2368). Loss of TcpPH decreased the expression of three porins (VC0972, ompT and ompW) and six genes involved in glycerol metabolism (VC0136, VC0137, VCA0744, VCA0745, VCA0747, and VCA0748).
The toxR mutant showed the most dramatic transcriptional changes compared with the wild type. A total of 154 genes showed a Ն2-fold change in transcription (Table 1) ; 60 genes showed increased expression in the mutant strain (corresponding to ''ToxRrepressed genes'') and 94 genes showed decreased expression in the mutant strain (corresponding to ''ToxR-activated genes''). Consistent with published reports, many of the ToxR-activated genes were involved in the production of TCP and CT. The genes encoding the ToxR-repressed OmpT porin and ToxR-activated OmpU porin showed the expected reciprocal changes in expression (i.e., Ϸ19-fold increase and an Ϸ23-fold decrease in expression in the toxR mutant, respectively).
Our analysis identified numerous genes belonging to the toxTindependent branch of the ToxR regulon. These included a large number of genes involved in cellular transport, energy metabolism, motility, iron uptake and outer membrane proteins (Tables 1  and 5 
-8).
Use of a Genomic DNA Reference for Transcriptional Analysis. Having shown that our microarray-based analysis yielded the expected expression profiling results for genes known to belong to the ToxR regulon, we conclude that directly comparing cDNAs derived from a mutant and wild-type RNAs was a valid way to identify changes in gene expression between different strains. However, such an approach requires one to perform many additional microarray experiments when comparing different strains or different conditions. Because the use of a universal reference promises considerably more economy and flexibility for such comparisons (23, 24) , we tested the accuracy of using a gDNA reference standard for comparing the toxT mutant to its wild-type parent. As before, total RNA was isolated from each strain and used to generate cDNA probes. We then performed two different types of hybridization experiments. The first was similar to our initial analyses and used RNA isolated from the wild-type strain to produce a cDNA reference sample that was then cohybridized with a cDNA test sample from the toxT mutant on one slide. The second experiment used chromosomal DNA to produce a gDNA reference sample that was then cohybridized on two different slides with the cDNA test samples derived from the toxT mutant and the wild-type strain. The first experiment directly generated a relative expression ratio for CT and TCP genes in the wild-type versus the toxT mutant. To obtain expression ratios using the gDNA reference, we first calculated the individual ratios of the wild-type and toxT cDNA probes to the gDNA reference, and then calculated the ratio of the two individual ratios to each other to produce the relative expression ratio (see Table 2 ).
We compared the results of these two methods for selected TCP and CT genes because the expression of these genes is known to be regulated by ToxT. In fact, these were the only genes whose expression was reduced 2-fold or more by the toxT mutation in this No. of genes (% of total genes identified) showing a Ն2-fold change in expression in the indicated strain. All strains were grown under AKI conditions to promote expression of virulence genes. *Repression ratio in toxT mutant relative to the wild-type strain in AKI conditions. Reported results were calculated from one experiment. † Fluorescent intensity ratio of (wt-cDNA)͞(toxT-cDNA). ‡ Fluorescent intensity ratio of (wt-cDNA͞gDNA)͞(toxT-cDNA͞gDNA). Table 2 , the use of a gDNA-derived reference sample produces expression ratios for ToxT-regulated genes that are very similar to those obtained by using the direct cohybridization analysis of cDNA derived from the two strains. Therefore, using a gDNA reference for transcriptional profiling is apparently as accurate as using a cDNA reference. Based on these data and those of others (23, 24, 33) , we conclude that use of a gDNA-derived reference is a convenient approach to obtaining transcriptional profiling data sets that can be accurately compared with each other to predict relative changes in gene expression.
experiment. As shown in

Transcriptome of V. cholerae Present in Stools Derived from Cholera
Patients. Having established the utility of a gDNA reference for microarray analysis of mutant strains, we used this method to characterize the transcriptome of V. cholerae shed during human infection. In these experiments, we purified total RNA from rice water stools of two cholera patients and generated labeled cDNAs. The labeled cDNAs were cohybridized to microarrays in the presence of a differentially labeled N16961 gDNA reference, and the resulting data were analyzed as described in Materials and Methods. We then selected the top one-third most highly expressed genes in the cholera stool vibrios for further informatic analysis to determine their likely function ( Table 3) .
The vast majority of the genes most highly expressed by vibrios present in the cholera stools resided on the large chromosome (Ϸ90%), and 50% of the genes fell into the hypothetical, conserved hypothetical, and unknown functional category. Fifteen genes were classified by TIGR as V. cholerae pathogenicity genes, including eight genes associated with the ToxR regulon (ctxAB, tcpP, tcpH, tcpR, tcpQ, tagA, and tagD). Besides ctxAB, two genes involved in the morphogenesis of CTX⌽ were also highly expressed (ace and cep), suggesting that this phage may be replicating in stool vibrios. CTX⌽ replication is induced by ''SOS'' signals associated with DNA damage (34) and several other SOS-inducible genes were also noted as being expressed by vibrios present in the stools, including lexA, dinF, radC, and radO. Alternatively, increased expression of ace and cep may reflect RstC-mediated antirepression of the CTX⌽ (39) . Three genes involved in RTX toxin production (35) were highly expressed (rtxA, rtxC, and rtxD), consistent with a role for this toxin in vivo (36) . A number of genes involved in the production of adhesins or type IV related pili were also expressed (e.g., pilT, mshK, VC1236, and VC1998) and included two clusters of in vivo-expressed genes that were organized in potential operons (e.g., VC0857, VV0858, and VC0861; VC2630, VC2631, and VC2632). Additional virulence-related genes that were identified included 36 genes involved in motility and chemotaxis, 8 genes involved in iron transport, and 5 genes associated with anaerobic metabolism (Tables 3 and 5-8).
Previous microarray analysis of stool vibrios did not detect induction of CT or TCP transcripts in vibrios present in cholera stools relative to an in vitro grown V. cholerae strain (22) . To further understand the absolute expression levels of these genes in stoolderived vibrios, we compared the transcriptomes of N16961 wildtype and N16961 toxT grown under AKI conditions to the transcriptome of the cholera stool-derived vibrios (Table 4) . We reasoned that this approach might permit a qualitative assessment of changes in gene expression levels relative to the expression of all of the genes in the genome. We rank-ordered gene expression levels across these three transcriptomes (an approach made possible by using a gDNA-derived reference sample). These data show that in N16961 grown under AKI conditions, the genes in the TCP and CT operons are expressed at a very high level, with the majority of these genes present in the top 20% of the rank-ordered list. These same genes were much lower on the rank-ordered list generated from the toxT mutant grown in AKI (Table 4) , consistent with their diminished expression in the toxT mutant background (Table 2 ). In comparison, the TCP and CT genes appear at an intermediate position in the rank-ordered list for the transcriptome of vibrios derived from human cholera stool (Table 4) . These results suggest that vibrios present in cholera stool do contain significant levels of CT and TCP gene transcripts.
There was substantial overlap between the top one-third most highly expressed V. cholerae genes in stool and the top one-third most highly expressed genes in V. cholerae grown to midexponential phase in rabbit ileal loops (21) (507 shared genes, see Tables 5-8 ). The largest group of shared genes were those classified as hypothetical, conserved hypothetical, or unknown genes (245 genes). Genes encoding the translational machinery of the cell were also highly represented, with 37 of the 59 genes for ribosomal proteins appearing on both lists (Tables 5-8) . Additional overlaps included genes involved in flagellin synthesis, chemotaxis, iron transport, anaerobic metabolism, and several regulatory genes including tcpPH. The overlap in these groups of highly expressed genes suggests that vibrios growing in rabbit ileal loops and human intestine encounter similar environments. For instance, the two groups include two genes encoding subunits of fumarate reductase (VC2658 and VC2659) and the gene encoding ArcA, a repressor of aerobic respiration genes. As discussed earlier (21), the expression of these genes suggests that bacteria in both rabbit ileal loops and human cholera stool have experienced an anaerobic environment where use of fumarate as an alternative electron acceptor and the repression of aerobic metabolism genes would be beneficial. Two genes involved in biotin biosynthesis (bioC and bioD) were also highly expressed in cells harvested from human cholera stool and rabbit ileal loops, consistent with the conclusion that biotin is not available in vivo (37) . Three genes that are induced by iron limitation and that are involved in uptake of ferric and ferrous iron ( feoA, viuB, and irgB) were also present in both high-expression groups, suggesting that iron limitation is common to both rabbit and human gastrointestinal environments. Finally, both tcpP and tcpH were on the overlap list, indicating that these positive regulators of TCP and CT expression are expressed strongly in vibrios growing intraintestinally in both humans and rabbits.
Discussion
DNA microarray technology is revolutionizing the field of bacterial pathogenesis by allowing researchers to monitor the expression of thousands of genes during the course of an in vitro or in vivo experiment. In this report, we have applied this technology to conduct a genome-wide search for V. cholerae genes belonging to the ToxR regulon, the key group of genes responsible for the virulence properties of this organism in humans.
We also used microarrays to analyze the transcriptional state of vibrios shed from cholera patients. We first compared the gene expression profiles of V. cholerae toxRS, tcpPH, and toxT mutants that were grown under in vitro conditions that are optimal for the expression of CT by El Tor O1 and O139 strains of V. cholerae. The transcriptional profile of the toxT mutant revealed the presence of few new ToxT-regulated genes. Newly identified genes include VC1091 (oligopeptide periplasmic binding protein), VC1835 (pal); VC2766 (atpA); VCA0059 (lpp); VCA0732 (conserved hypothetical); VCA1042 (unknown gene). Among these, VC1835, VCA0059, VCA0732, and VCA1042 showed similar expression profiles in the toxRS and tcpPH mutants, supporting their identification as ToxT-regulated genes. Because VCA1042 is apparently in an operon and downstream of tagE-2 (VCA1043), its transcription may be a result of expression from the tagE-2 promoter. VC2766 had a modest expression ratio near our cutoff, and its expression was not altered in either the toxRS or tcpPH mutants. VC2766 may therefore be a false positive. The high specificity of ToxT for TCP genes is consistent with the current model of horizontal acquisition of toxT as part of the TCP island (2) .
TcpPH have been shown to work cooperatively with ToxRS in activating toxT transcription. Consistent with this was the finding that the TCP and CT operons show reduced transcription in the tcpPH mutant. Interestingly, 53 of the 58 genes that showed 2-fold transcriptional changes in the tcpPH mutant also showed corresponding, and usually greater, transcriptional changes in the toxRS mutant (Supporting Data). Our analysis therefore extends the role of TcpPH in cooperating with ToxR to co-regulate many new genes. Nevertheless, it should be noted that the average difference in expression of the CT and TCP genes in the various regulatory mutants was 3.6-fold. Thus, our 2-fold cutoff may have led us to designate some genes as being ToxRS-, TcpPH-, or ToxT-regulated that actually are not. More work is needed to confirm that these newly identified genes are indeed controlled by these regulatory proteins.
The toxRS mutation resulted in the most dramatic transcriptional changes. Our analysis revealed an expanded role for ToxRS in regulating the expression of other outer membrane proteins (e.g., OmpW) and lipoproteins in addition to the previously identified OmpT and OmpU. Our results also suggest a role for ToxRS in regulating metabolic responses. For example, the expression of 23 genes involved in maltose and glycerol metabolism, and peptide transport were altered in the toxRS mutant. Interestingly, we found a role for toxRS in regulating the expression of several genes involved in motility and chemotaxis, a phenotype that is inversely correlated with virulence gene expression (38) . ToxRS was also found to repress the expression of two copies of acetate kinase, which is in involved in synthesis of acetyl phosphate. Another gene involved in acetyl phosphate synthesis (pta) was previously implicated in in vivo survival and virulence (37) .
In this study, we also explored the use of two microarray normalization strategies: direct comparison to a cDNA reference and the use of a universal gDNA reference. The function of the reference sample in microarray analysis is to provide a measurable expression intensity for each microarray feature. The use of a cDNA reference can make comparative analysis of microarray data problematic because most RNA samples do not contain representative transcripts for all of the features on the microarray. Thus, if the intensity value of any microarray feature in the reference sample is not significantly above background (or threshold, because it is poorly expressed or not represented in the reference sample), then that feature cannot be accurately measured in the test sample (23, 24) . In addition, the inherent variability in the preparation of a cDNA reference complicates comparative analysis of microarray data. Experimental conditions that may be routinely replicated in one laboratory may not be replicated in another laboratory because of variables such as different growth conditions, handling and processing of mRNA, and microarray performance.
As an alternative to cDNA references, we investigated the use of a gDNA reference. A gDNA-derived reference addresses many of the shortcomings of a cDNA reference. A gDNA-derived reference is easier to produce, contains full genomic representation, and exhibits superior template stability and more consistent synthesis. In addition, a gDNA reference is universally available and thus allows researchers directly to compare microarray-derived expression data from different experiments and laboratories. In the case of spotted arrays, a gDNA reference provides a better control for individual microarray variation because it addresses all features, thus controlling for feature loading, spot morphology and hybridization inconsistencies. In this report, we took advantage of our knowledge of the ToxR regulon to test the utility of a gDNA reference in microarray analysis. Our results were quite clear and established that the same genes were scored as ToxT-regulated and nearly the same expression ratios were obtained when data were compared using a gDNA-derived reference ( Table 2) .
Validation of the gDNA-derived reference allowed us to compare the expression profile of vibrios present in the stools of cholera patients to other microarray data sets generated by using the same gDNA-derived reference. Specifically, we were able to examine whether vibrios present in cholera stools showed a degree of expression of the CT and TCP genes that corresponded more closely to wild-type or toxT bacteria grown under optimal in vitro conditions for the expression of these virulence genes (i.e., AKI conditions). Our results suggest that CT and TCP are likely expressed by vibrios in cholera stool but at a lower level than under optimal in vitro growth conditions. The TCP and CT genes appear at an intermediate position in the rank-ordered list for the transcriptome of stool-derived vibrios, indicating that vibrios present in cholera stool do contain significant levels of CT and TCP gene transcripts. The two simplest explanations are that either CT and TCP genes are expressed at an intermediate level in all vibrios present, or they are expressed at a very high level by a small subpopulation of vibrios. It may be that only a small population of V. cholerae reach an intestinal microenvironment where CT and TCP expression are maximally induced (e.g., the intestinal crypts or close proximity to the epithelial cell brush border), and the resultant diarrheal purge provides growth substrate that allows expansion of the rest of the vibrio population under in vivo growth conditions that are suboptimal for CT and TCP expression.
Additionally, vibrios present in cholera stools show a pattern of gene expression that is both different and similar to midexponential phase bacteria harvested from either LB medium or rabbit ileal loops (Tables 4-8) . Notable similarities between the transcriptome of vibrios harvested from human stools versus rabbit ileal loops are the expression of many conserved hypothetical, hypothetical and unknown proteins in both populations, as well as the expression of many genes involved in growth under anaerobic conditions and nutrient limitation (particularly iron and biotin). Notable differences between the transcriptome of vibrios harvested from rabbit ileal loops versus human stools are that a larger fraction of the most highly expressed genes were located on the large chromosome for vibrios present in human cholera stool. In this study, we found that only 9.73% of the top one-third genes most highly expressed in human stool were located on the small chromosome, whereas we previously found that 18% of the top onethird most highly expressed genes in rabbit ileal loops resided on the small chromosome (21) . The overlap between the top one-third most highly expressed genes in rabbit ileal loops and human cholera stool was significant and consisted of 507 genes. Thirty-seven of these genes encoded ribosomal proteins, and 8 genes are involved in LPS biosynthesis (Tables 5-8 ). Because ribosomal proteins and LPS biosynthetic genes are among the most highly expressed genes in exponential-phase cells (21, 29) , we tentatively conclude that vibrios present in our cholera stools may have been actively dividing when samples were frozen for later analysis. This result suggests that growth phase may be at least in part responsible for the unique ''hyperinfectious'' phenotype of stool vibrios compared with stationary phase, in vitro grown vibrios as reported by Merrell et al. (22) .
This report is the second in a likely series of papers that will analyze transcriptome data from V. cholerae present in clinical materials from human cholera patients. The first paper (22) used a cDNA internal reference that was derived from mid-exponential RNA purified from cells grown under laboratory conditions to compare stool vibrios to in vitro-grown stationary-phase V. cholerae. These data cannot be compared directly to our data because of the use of different reference samples. Our decision to use a gDNAderived reference sample was based on the rationale that the generation of a reference sample from any single, arbitrarily selected in vitro condition will not contain sufficient genomic representation to develop a complete transcriptome. Furthermore, a universal gDNA reference sample facilitates comparative analysis of microarray data between different experiments, which allowed us to make direct comparisons to the transcriptome of vibrios harvested from rabbit ileal loops (21) or strains grown under in vitro conditions such as AKI. Nonetheless, Merrell et al. (22) concluded that the expression of certain signature genes suggested that low iron and anaerobiosis are physiological states experienced by vibrios in the human gastrointestinal tract. We have reached similar conclusions for vibrios harvested from rabbit ileal loops (21) and from cholera stool samples. Thus, some consistent conclusions are emerging from the analysis of V. cholerae harvested from in vivo environments, and these will guide further genetic analysis of this interesting pathogen.
